[1] Oxygen isotope records from ODP Site 1052 (Blake Nose, subtropical North Atlantic Ocean) indicate significant short-term, high-amplitude variability (up to 1.4% in about 2500 to 4000 years) during the late middle Eocene (37.9-37.5 Ma). These variations reflect a combination of changes in sea surface temperature and the oxygen isotope composition of the regional seawater. In order to independently evaluate the magnitude of SST changes at Blake Nose and better understand the nature of environmental change during the late middle Eocene, we present planktonic foraminiferal Mg/Ca data combined with d 18 O data from the same samples. 18 O seawater cannot be explained by an increase of continental ice over this time interval. Instead, the data favor an overall weakening of the hydrological cycle as global climate transitioned from the greenhouse to icehouse.
Introduction
[2] Geochemical, paleontological, and sedimentological data indicate that the early Eocene was the warmest interval of the Cenozoic [e.g., Wolfe, 1980; Adams et al., 1991; Zachos et al., 1994] . Temperatures during peak Eocene warmth at $50 Ma were as high as 18°C at high latitudes and >30°C at low latitudes [e.g., Burgess et al., 2008; Sluijs et al., 2008; Pearson et al., 2007] suggesting little or no ice at the poles and a reduced equator-to-pole gradient compared to the modern. Following the early Eocene peak warmth, global temperatures declined, culminating in the expansion of ice sheets in Antarctica by the earliest Oligocene [e.g., Miller et al., 1991; Zachos et al., 1996 Zachos et al., , 2001 Lear et al., 2000; Coxall et al., 2005] .
[3] Oxygen isotope records from high, middle and low latitudes indicate high-amplitude variations on orbital and suborbital time scales during the Eocene cooling trend [e.g., Diester-Haass and Zahn, 1996; Bohaty and Zachos, 2003; Wade et al., 2001; Wade and Kroon, 2002] . In the Southern ocean, DiesterHaass and Zahn [1996] reported short-term fluctuations with periodicities of 100-400 ka in benthic foraminiferal stable isotope and abundance data from the Eocene-Oligocene (45-26 Ma) interval of ODP Site 689, Maud Rise, Weddell Sea. Bohaty and Zachos [2003] and Bohaty et al. [2009] generated high-resolution stable isotope records from the middle Eocene (49-34 Ma) of Kerguelen Plateau and Maud Rise (ODP Sites 689, 690, 744, 748 and 738) and found a distinct negative d
18 O excursion ($1%) at 40.0 Ma (now known as the middle Eocene Climatic Optimum) in the middle of the prominent long-term Eocene cooling trend.
[4] In the subtropical North Atlantic (Blake Nose; Figure 1 ), Wade and Kroon [2002] found evidence of significant variability in the oxygen isotope records from late middle Eocene mixed layer dwelling planktonic foraminifera (Figure 2 ) from ODP Site 1052. These data indicate d
18
O changes of up to 1.4% in about 2500 to 4000 years. They attributed the high-amplitude d
18 O shifts to changes in sea surface temperatures (SSTs) of 4 to 10°C based on the presumed absence of significant ice sheets and hence little contribution from changes in the overall seawater d
18 O values.
[5] Such large temperature shifts present a significantly different view of the Eocene subtropics, thought to have been relatively stable compared to polar temperatures [e.g., Pearson et al., 2007] . However, the magnitude of the temperature variations inferred from the Site 1052 d 18 O data is similar to that observed during the Pleistocene suggesting that subtropical SSTs during relatively warm, and presumed ice-free climatic intervals could have exhibited the same magnitude of environmental change as during glacial-interglacial climates.
[6] The relatively large changes in SSTs were based on the assumption that the only source of foraminiferal d
O variations was seawater temperature. Yet recent evidence suggests that significant polar ice may have existed as far back as the late middle Eocene [e.g., Eldrett et al., 2007; St. John, 2008] raising the possibility that some portion of the magnitude of the subtropical North Atlantic foraminiferal d
18 O variations could have been due to changes in the global seawater isotopic composition. Thus, the assumption that ice volume variations did not affect the foraminiferal d
O values changes at Blake Nose may have resulted in an overestimation of the magnitude of SST changes.
[7] To evaluate the magnitude of SST change at Site 1052, and better understand the nature of subprecessional-scale environmental change during the late middle Eocene, we present a highresolution planktonic foraminiferal Mg/Ca record from ODP Site 1052 to complement the existing d 18 O data. Our interval also covers a major turnover in planktonic foraminifera with the extinction of muricate taxa Morozovelloides and Acarinina [Wade, 2004; Wade et al., 2008] . The Mg/Ca ratios provide an independent estimate of SST indicating significant changes in the seawater d
O composition of the western subtropical North Atlantic not previously recognized.
Materials and Methods

Site Information
[8] Coring at ODP Site 1052 (Blake Nose, western North Atlantic, Figure 1 ) recovered middle to upper Eocene siliceous and nannofossil ooze [Norris et al., 1998 ]. The modern water depth at Site 1052 is 1345 m. Given that middle-late Eocene sea level was $100 m higher [e.g., Miller et al., 2005] and Blake Nose had experienced most of its postrift subsidence by the end of the Early Cretaceous [Norris et al., 1998 ], the paleo-sea level was likely within 100 m of the modern water depth. The study interval consists of relatively unconsolidated sediments and is found at relatively shallow burial depths ($80 to 120 m) because very little sediment has accumulated at Blake Nose since the end of the [Norris et al., 1998 ]. Eocene. Shipboard and postcruise microfossil investigations indicate that the calcareous fossil groups are well preserved [Mita, 2001; Wade, 2004; Bellier et al., 2001; Friedrich and Hemleben, 2007] .
[9] We analyzed 121 samples at 10 cm (about 2.5 to 4 ka) resolution over the interval 94.43-82.98 m composite depth (mcd; please refer to Norris et al. [1998] for details on how the mcd scale was constructed at Site 1052) (37.86-37.50 Ma) from ODP Site 1052 using the same sample intervals for Mg/Ca analysis as those used by Wade and Kroon [2002] for stable isotope analysis. We employed the age model used by Wade and Kroon [2002] .
[10] The planktonic foraminiferal genus Globigerinatheka provided the best taxa for sea surface reconstruction among those genera present and sufficiently abundant for time series analysis during our study interval. [Wade and Kroon, 2002; Wade, 2004] . Globigerinatheka probably occupied a mixed layer habitat and possessed endosymbionts and thus remained within the photic zone for the majority of their lifecycle. We therefore consider our Mg/Ca values to reflect mixed layer sea surface temperatures.
Mg/Ca as a Paleothermometer
[11] Mg/Ca ratios of modern planktonic foraminifera predominantly reflect the temperature of the water in which they calcified. The proportion of Mg in foraminiferal calcite increases with increasing temperature [Delaney et al., 1985; Nürnberg et al., 1996; Elderfield and Ganssen, 2000; Lea et al., 2000; Dekens et al., 2002; Anand et al., 2003; Barker et al., 2005] Thus, they adopted a seawater Mg/Ca value of 3.9 mmol/mol. We incorporated a value of 4.0, which is slightly higher than that used by Sexton et al. [2006] , because our study interval is later in the middle Eocene (both Stanley and Hardie [1998] and Wilkinson and Algeo [1989] curves indicate an increase in seawater Mg/Ca throughout the Cenozoic; thus, younger intervals were characterized by higher Mg/Ca). However, to illustrate the sensitivity of the SST calculation to the choice of seawater value, we calculated the difference in SST resulting from a seawater value of 3.9 versus 4.0. For a foraminiferal Mg/Ca value of 4.75 mmol/mol, the resulting SST at a seawater value of 3.9 mmol/mol is 31.11°C while at 4.0 mmol/mol is 30.82°C, a difference of $0.3°C. Thus, the choice of seawater value affects the absolute value of calculated SST slightly, but does not affect the magnitude of relative SST changes inferred from the foraminiferal Mg/Ca data, nor does it impact interpretation of the results. We assume that the seawater value remained constant during our relatively short ($200 ka) study interval. 
Analytical Details
Sr/Ca Measurements
[17] Sr/Ca data provides an additional gauge of preservation. Recrystallization from pore waters reduces Sr/Ca values in foraminiferal calcite [Lorens and Bender, 1980] ; thus, diagenetically altered foraminifera should have lower Sr/Ca values than pristine samples [e.g., Thomas et al., 1999] . Foraminiferal Sr/Ca analyses ( Figure 2) Figure 2 ). The first-order trend is an increase from $5.0 mmol/mol at 94.43 mcd to $5.7 mmol/mol at $91.67 mcd (37.78 Ma), followed by a gradual decrease to $4.8 mmol/mol at 82.98 mcd (Figure 2 ). Superimposed on these long-term trends are high-frequency variations of $0.6 mmol/mol.
[19] Four samples (83.18, 83.68, 84.18, and 84.78 mcd) at the top of the interval had significantly and anomalously higher Mg/Ca values ( Figure 2 and Table 1 ) than those recorded throughout the studied section. We suspect these anomalous values resulted from calcite loss (much smaller sample size) during the cleaning. Because they are anomalously high and do not correspond to any features in the d 18 O record [Wade and Kroon, 2002] , we assume that these values do not reflect paleoenvironmental conditions, and we do not include them in our discussion of the paleoceanographic implications of the combined proxy data sets. Omitting these samples reduces the range in Mg/Ca values to 3.79 to 6.89.
[20] Sea surface temperatures estimated from the planktonic foraminiferal Mg/Ca values range from $28 to 35°C (Figure 3) . The long-term trend in the calculated temperature consists of an increase from $31°C at 37.85 Ma to $32°C at 37.82 Ma and then a decrease to $29°C at 37.58 Ma, a cooling of $3°C over 240 ka. In addition to the overall gradual decrease in temperature, the high-frequency variations in Mg/Ca record also indicate short-term variations in SST superimposed on the long-term trend. These variations correspond to shifts of [21] The reconstructed paleotemperatures from this study ($28-35°C) are similar to values from other middle-and low-latitude sites over this time interval ( Figure 3 ). Paleotemperatures derived from the middle Eocene of Tanzania [Pearson et al., 2001 [Pearson et al., , 2007 range from 29 to 33°C, comparable to values obtained from this study. Tripati et al. [2003] reconstructed early Paleogene tropical temperatures from ODP Site 865 in the equatorial Pacific using planktonic foraminiferal Mg/Ca ratios and obtained a value of $30°C at $40 Ma. Sexton et al. [2006] , in an attempt to assess the extent of diagenetic alteration in ''frosty'' planktonic foraminifera, compared the Mg/Ca of Globigerinatheka specimens from the middle Eocene of ODP sites 865 and 1052 to ''glassy'' foraminifera from Istra More 5 (Adriatic Sea). The Mg/Ca values (2.8-4.75 mmol/mol) they reported from $38 Ma at ODP Site 1052 and the calculated temperatures ($25-31°C; applying the a seawater Mg/Ca value of 3.9 used by Sexton et al. [2006] ) overlap with values from this study (Figure 3 ). O sw is the isotopic composition of the seawater recorded by the surface mixed layer dwelling foraminifera, and T is temperature derived from Mg/Ca ratios (this study).
Isotopic Composition of Seawater
[23] The calculated d O sw values ($3.3 to 2.0%) calculated from the Mg/Ca data of Sexton et al. [2006] using the same approach that we applied to our data set.
Implications and Causes of SST and d
O sw Variations
[24] The combined Mg/Ca-derived paleotemperatures and calculated d
18
O sw values indicate significant short-and long-term hydrographic variability. The SST record consists of short-term variations superimposed upon a long-term decrease over the course of the study interval (37.85-37.50 (Figure 3 ). Below we discuss the factors that may have caused this combination of long-term sea surface environmental variations, as well as the shorter-term fluctuations. Our data do not indicate a significant change in paleotemperatures or d
18 O sw associated with the extinction of muricate taxa Morozovelloides crassatus and Acarinina mcgowrani at 92.37 and 92.77 mcd, respectively (Figure 3 ). This major turnover in planktonic foraminifera therefore does not appear to be climatically driven. Other factors, such as demise in photosymbiotic relationships [Wade et al., 2008] [28] In addition to migration of the Gulf Stream track, changes in the distribution of proto-Gulf Stream eddies may have produced periodic hydrographic changes in the study region. Modern Gulf Stream eddies, usually 100-200 km in diameter, form from the cutoff of Gulf Stream meanders. The meanders grow and separate from the Gulf Stream and they migrate northward of the stream to form anticyclonic (warm-core) eddies and southward to form cyclonic (cold-core) eddies [Richardson, 1983] . Rings also move westward when they are not touching the Gulf Stream and eastward when they are attached to it [Fuglister, 1972; Richardson, 1983] . Since these rings have a different temperature and salinity signature from the surrounding water, their migration to surrounding areas could have contributed to the reconstructed variations in SST and d
18 O sw at Blake Nose.
[29] Upwelling of colder waters is another potential cause of the short-term hydrographic variations at Blake Nose area, as previously suggested by Wade et al. [2000] [32] Results from the IODP Arctic coring expedition suggest that the early Eocene ''greenhouse'' interval was characterized by intensified hydrologic cycling [e.g., Brinkhuis et al., 2006; Pagani et al., 2006; Sluijs et al., 2006] . This means that overall enhanced rates of evaporation, presumably from the subtropics, led to generally enhanced rates of precipitation at the poles. Brinkhuis et al. [2006] suggested episodes of increased freshening of Arctic surface waters during the early Eocene ($50 Ma) based on the presence of fresh water ferns Azolla. Pagani et al. [2006] found enriched dD of Arctic precipitation during the early Eocene due to decreased rainout during moisture transport from lower latitudes to the Arctic and increased moisture delivery to the Arctic. Sluijs et al. [2008] attributed increased sediment accumulation rates during the PETM in the Arctic Ocean to enhanced siliciclastic input by rivers in response to an intensification of the hydrological cycle.
[33] The late middle Eocene represents the most recent transition from a greenhouse to an icehouse climate. If high rates of hydrologic cycling characterized the greenhouse climate state, then the transitional interval should have been characterized by the decrease in overall hydrologic cycling. Such a decrease would have impacted the region of evaporation (the vapor source in the subtropics) as well as the region of ultimate precipitation (the high latitudes). The gradual long-term decrease in Site 1052 d
O sw values over the study interval (Figure 3 ) may be evidence of the response of the subtropics to the general decline in hydrologic cycling. An overall decrease in the rate of evaporation would have been manifested as a decrease in the d
18 O sw in the surface waters of the vapor source. 
